Sound intensity probes are often used with windscreens to minimize the effect of noise caused by airflow. A theoretical and experimental study of the effect of windscreens on p-p intensity probes published ten years ago concluded that windscreens give rise to underestimation of the sound intensity at low frequencies in strongly reactive sound fields. The theoretical part of this study was based on the assumption of a windscreen of infinite extent. In this paper windscreens of realistic size and shape are dealt with by means of a coupled boundary element model for the windscreen and the surrounding air. The error of the estimated intensity caused by the windscreen is calculated under a number of sound field conditions of varying reactivity. It is shown that the resulting error can be much larger than the intensity itself in a very reactive sound field. It is also shown that the shape and size of the windscreen has a significant influence on the error.
I. INTRODUCTION
Windscreens of porous foam are often placed around sound intensity probes to reduce their exposure to airflow and mechanical or thermal damage. [1] [2] [3] However, windscreens have an undesired effect; a theoretical and experimental study of the effect of windscreens on sound intensity measurements with the two-microphone technique has shown that the use of a windscreen results in underestimation of the sound intensity at low frequencies in strongly reactive sound fields. 4 The reason is that the losses of the foam gives rise to a phase error between the pressure and the particle velocity. 4 The theoretical part of this study was based on the somewhat oversimplified assumption of a windscreen of infinite extent, and some of the experimental observations indicated a significant influence of the shape of the windscreen that evidently cannot be predicted by a theory that assumes that it is infinite. Thus the purpose of this paper is to examine the influence of windscreens of realistic size and shape on intensity measurements numerically.
II. THEORY

A. Two coupled domains
Consider a windscreen placed in an arbitrary sound field. This may be regarded as a problem that involves two coupled domains, the exterior sound field and the field inside the windscreen. In the domain exterior to the windscreen the air is assumed to be an ideal fluid. If the sound field is harmonic the velocity potential satisfies the Helmholtz equation
where k e is the wave number, which is real valued in this case. The sound pressure and the particle velocity are p e = j e ⌿ e , ͑2͒
and u e = − ٌ⌿ e , ͑3͒
respectively, where e is the density of air. Note that the e jt convention is used in this paper. The windscreen is assumed to be a porous medium as described by the simple phenomenological model of Zwikker and Kosten 5 and Morse and Ingard. 6 Such a medium is characterized by its porosity ⍀ i , compressibility i , density i , and flow resistivity ⌽ i . In the following it is assumed that ⍀ i = 1, that the density equal the corresponding value of ideal air, and that the compressibility equals the isothermal compressibility of air, so that the speed of sound
is about 15% less than the speed of sound in the exterior domain c e . It should be mentioned that many other, more accurate models of the acoustic properties of porous materials are available; see, e.g., Refs. 7 and 8. However, windscreens are made of highly porous foam with a low flow resistivity; their undesired effect on sound intensity measurement is negligible except at low frequencies; 4 and it is known that the Zwikker and Kosten model is a "phenomenologically correct low-frequency approximation." In what follows indices of quantities that have the same values in the two domains have been omitted. The single remaining parameter in the model of the windscreen is the flow resistivity ⌽ i , which enters into the equation of motion as follows:
The wave equation takes the form
and this can be transformed into the Helmholtz equation
by defining a complex wave-number k i as
B. Coupled boundary element model
Since the exterior as well as the interior problem may be transformed into the regular Helmholtz equation, a standard Boundary Element Method ͑BEM͒ is employed for the numerical solution of the coupled problem. 9 The wave number of the interior problem is complex, but since its imaginary part is relatively small no special care is needed in this respect. ͑A large imaginary part would require special care in the numerical integration, due to the rapid decrease of the exponential.͒ The direct collocation method is used with three-dimensional quadrilateral, isoparametric linear elements. Two different windscreens have been modeled, the Brüel and Kjaer ͑B&K͒ windscreen UA 0781, which is shaped like a prolate ellipsoid, and B&K's spherical windscreen UA 0782. The ellipsoidal windscreen is 18.5 cm long and has a width of 9.3 cm, and the spherical windscreen has a diameter of about 9.3 cm. Both models consist of 384 elements and 386 nodes, since the mesh for the ellipsoidal windscreen is produced by a simple transformation of the spherical mesh. The maximum distance between two nodes is 18 mm for the ellipsoidal windscreen, which corresponds to about 19 nodes per wavelength in air at the highest frequency considered in this study, 1000 Hz. In view of the normal rule of thumb of six nodes per wavelength and the fact that the effects studied in this work are most significant at frequencies below 100 Hz, it is concluded that the numerical mesh is more than adequate. It is also worth mentioning that the problem of characteristic frequencies 10 does not occur in coupled problems ͑and for an uncoupled problem the problem would occur at much higher frequencies, due to the size of the windscreens͒.
Once the exterior problem is discretized it becomes a matrix equation, C e ⌿ e = A e ⌿ e + B e u e + 4⌿ e I , ͑9͒
which can be converted to a matrix equation for the sound pressure p e by multiplying with j, C e p e = A e p e + jB e u e + 4p e I . ͑10͒
In Eq. ͑10͒ C e is a diagonal matrix containing the solid angle occupied by the calculation domain at the nodes ͑i.e., 2 for a smooth boundary͒, the matrix A e contains integrals over the windscreen surface S involving the normal derivative of the Green's function, and the matrix B e contains surface integrals involving the Green's function. The incoming sound field at position P is p e I in the absence of the windscreen. The interior problem can be converted to a matrix equation similar to Eq. ͑9͒, which is translated into the sound pressure p i by multiplying with j + ⌽ i ,
For both equations, Eqs. ͑10͒ and ͑11͒, the normal vector is defined so it points into the computational domain. Hence, the two domains share the surface S in the Helmholtz integral equation, but with opposite normal vectors. The diagonal matrix C i contains the solid angles at all nodes measured from the interior domain; hence, this matrix complements the C e matrix so that the two matrices add up to a diagonal matrix with 4 in all diagonal elements. Continuity of the sound pressure and the particle velocity on the boundary of the windscreen leads to two equations
and
where the sign in the latter case is due to the change in normal direction on S ͑when considering the exterior and interior problem respectively͒. Rearranging Eq. ͑11͒ gives
and entering this result into Eq. ͑10͒ leads to a matrix equation for the pressure on the surface of the windscreen
To summarize, Eq. ͑15͒ is the coupled equation for the sound pressure on the surface of the windscreen involving both the interior domain ͑the windscreen͒ and the exterior domain ͑the surrounding air͒. The matrices involving the exterior problem ͑denoted by index e͒ are standard BEM matrices with a real wave number k e , whereas the BEM equations for the interior problem ͑denoted by index i͒ take the losses due to the flow resistivity into account by means of a complex wave number k i . Two limiting cases of Eq. ͑15͒ are of interest. If the flow resistivity ⌽ i tends toward infinity the windscreen becomes in effect impenetrable ͓see Eq. ͑5͔͒. In this case the third term in the bracket on the left-hand side of Eq. ͑15͒ tends toward zero, and the problem reduces to the familiar boundary element formulation of the exterior problem of solving scattering from a rigid object ͑A e − C e ͒p e =−4p e I . Conversely, if the flow resistivity vanishes ͑i.e., if the windscreen is removed͒, k i = k e , and therefore B i = B e and A i =−A e ͑where the change of sign in the latter expression is due to the change of normal vector from the interior to the exterior problem͒, since the interior and exterior problems involve the same surface. Hence, Eq. ͑15͒ reduces to ͑−C e − C i ͒p e =−4p e I or p e = p e I , since C e + C i =4I ͑where I is the unitary matrix͒. Thus if the flow resistivity is negligible the windscreen does not change the sound field.
Once Eq. ͑15͒ is solved for p , u i can be found using Eq. ͑14͒, and the pressure inside the windscreen can be found using Eq. ͑11͒ with P placed at any location inside the windscreen. If P is strictly inside the windscreen then C i ͑P͒ =4.
An intensity probe inside the windscreen could be modeled as described in Ref. 11 . However, since windscreens have no influence on sound intensity measurements except at fairly low frequencies 4 where the probe does not change the sound field at all, 11 the intensity is simply calculated from the pressure at two points that represent the two microphones, that is, from the expression
where ⌬r is the length of the distance between the microphones.
C. Infinite windscreen
If the windscreen is infinitely large its effect on sound intensity measurements can be derived analytically. 4 The particle velocity follows from Eq. ͑5͒
However, the intensity estimate is based on a finite difference approximation to the equation of motion for a lossless medium
that is
from which it follows that the estimated intensity is
where J ir is the r component of the reactive sound intensity 1,12
The reactive intensity describes the nonpropagating part of the acoustic energy that is merely flowing back and forth. 12 Many sources have strongly reactive near fields at low frequencies where they essentially generate evanescent waves. 1, 13 In general the reactive intensity points out of a source, corresponding to the radiation impedance being masslike. As can be seen from Eq. ͑20͒, the infinite windscreen theory predicts a negative bias error that is proportional to the reactive intensity and to the flow resistivity and inversely proportional to the frequency.
III. NUMERICAL AND EXPERIMENTAL RESULTS
The coupled BEM model described above has been implemented in MATLAB, and some calculations have been made. Both the spherical and the ellipsoidal windscreen are made of the same material: open-pored polyurethane foam. The flow resistivity of a sample of the material has been measured using the two-microphone method described in Ref. 14 and found to be about 600 kgm −3 s −1 . Figure 1 shows the calculated amplitude of the sound pressure inside and just outside the spherical windscreen when a monopole emitting sound at 63 Hz is placed at ͑x , y , z͒ = ͑0.10 m,0,0͒, that is, 10 cm from the center of the screen, which has a flow resistivity of 600 kgm −3 s −1 . The amplitude has been normalized with the distance to the source so as to have a value of unity everywhere in the absence of the windscreen. It is apparent that the pressure amplitude is increased by more than 7% by the windscreen near the monopole and reduced by a similar fractional amount near the opposite side. However, these modifications should be compared with the much larger pressure variations due to the varying distance to the source. Figures 2͑a͒ and 2͑b͒ show the calculated phase of the pressure relative to the phase of the volume velocity of the monopole, with and without the spherical windscreen. Close to the monopole the phase angle approximates 90°. As can be seen the windscreen has a significant influence on the phase; in the middle of the screen the sign of the phase gradient is changed. Since the active intensity is proportional to the phase gradient of the pressure 12 this indicates that the measured sound intensity points in the wrong direction.
Some experiments have also been carried out. A B&K sound intensity probe of type 3599 with microphones of type B&K 4181 and the two windscreens UA 0781 and UA 0782 in combination with a B&K "Pulse" analyzer of type 3560 in one-third octave mode were used in the measurements, which took place in DTU's large anechoic room. This room is very good at frequencies down to 50 Hz. 15 The first measurement was made near a "monopole," a small hole in a large baffle driven by an enclosed loudspeaker on the other side of the baffle; see Fig. 3 . Figure 4͑a͒ shows the sound intensity, the reactive intensity, and the particle velocity measured 11 cm from this source using a 12-mm spacer between the two microphones, without a windscreen on the probe and with the two windscreens. The active and reactive intensities have been normalized by p rms 2 / c ͑where p rms is the rms pressure without a windscreen on the probe͒, and the particle velocity has been normalized by p rms / c. Neither windscreen has any significant influence on the measured sound pressure ͑not shown͒ or on the particle velocity and reactive intensity. On the other hand the ellipsoidal screen has a considerable influence on the measured active intensity at low frequencies, and the spherical screen has a dramatic influence: It changes the sign of the intensity below 100 Hz. Figure 4͑b͒ shows the results of BEM calculations for the same configurations with ⌽ i = 600 kgm −3 s −1 and ⌬r = 12 mm. Considering the difficulty of constructing a "real monopole" there is very good agreement between measurements and calculations. Similar measured and calculated results ͑not shown͒ have been obtained with ⌬r = 50 mm at a distance of 13 cm from the source, with and without the ellipsoidal windscreen ͑the spherical windscreen cannot accommodate a 50-mm spacer͒. No influence of the spacer length was observed.
Another measurement has been carried close to a "dipole" constructed by mounting two loudspeaker units against each other. The moving part of this source, which is shown in Fig. 5 , resembles a spherical source of first order ͑an oscillating sphere͒, and the reactivity ͑the ratio of the reactive to the active intensity͒ at a position on the axis of an oscillating sphere is 6 J r ͑r͒ I r ͑r͒ = Im͕p͑r͒u r * ͑r͖͒
3 . ͑22͒ Figure 6͑a͒ shows the measured reactivity at a distance of 21 cm from the loudspeaker dipole compared with the reactivity the same distances from a spherical source of first order. There is fairly good agreement ͑except perhaps at 80 Hz͒, confirming that the loudspeaker dipole can be modeled reasonably well as such a source ͑although less well than the experimental monopole described above can be modeled as a real monopole͒. Figure 6͑b͒ shows the intensity measured with the spherical windscreen on the probe, normalized with the intensity measured without windscreen; the results of BEM calculations with the center of a windscreened intensity probe 21 cm from the center of a spherical source of first order using a value of 600 kgm −3 s −1 for the flow resistivity; and predictions based on the infinite windscreen theory ͓Eq. ͑20͔͒ using the measured reactivity and a value of the flow resistivity found by adjusting it so as to get the best fit. Figure 6͑c͒ shows similar measured and calculated results for the ellipsoidal windscreen. Note ͑again͒ that the spherical windscreen has a more serious influence on measurement of sound intensity than the larger ellipsoidal screen; the two windscreens change the sign of the measured intensity below 160 and 125 Hz, respectively. At 50 Hz the measured intensity with the spherical windscreen on the probe is no less than 50 times ͑17 dB͒ larger than the "true" intensity and pointing in the opposite direction. The influence of the two windscreens is predicted reasonably well by the BEM model considering the fact that the loudspeaker dipole is not a spherical source of first order. The agreement between the measured results and the predictions based on the infinite windscreen theory, Eq. ͑20͒, is also fairly good, in particular with the ellipsoidal windscreen ͑except at 100 Hz͒. However, rather different values of the parameter ⌽ i were used in the two cases: 30 kgm −3 s −1 for the ellipsoidal windscreen and 80 kgm −3 s −1 for the spherical windscreen-although they are made of the same porous material and although the actual flow resistivity of the foam is much higher, about 600 kgm −3 s −1 . In short, the parameter ⌽ i in Eq. ͑20͒ is not the actual flow resistivity of the material but a quantity that also depends on the shape and size of the windscreen.
Finally Fig. 7 shows the results of a measurement with the ellipsoidal windscreen on an intensity probe in a standing wave tube with a standing wave ratio of 24 dB. The tube has been constructed for testing sound intensity measurement systems as specified in the IEC and ANSI standards. 16, 17 The tube is 6.2 m long and has an inner diameter of 29 cm; see Ref. 18 for further details. The results shown in Fig. 7͑a͒ have been obtained at 250 Hz with an intensity probe corrected for p-p phase mismatch and equipped with a 50 mm spacer. 18 As expected the largest deviations from the "true,"
constant intensity level occur midway between sound pressure maxima and minima where the reactive intensity assumes its largest values. 19 A prediction calculated with the coupled BEM model is shown in Fig. 7͑b͒ , where the amplitude of the incoming wave has been adjusted to match the level in the experiment. In the experiment the sound field at the probe was changed by changing its position in the duct, whereas the same effect has been obtained in the BEM calculations by changing the phase of the reflecting material at one end of the duct. There is very good agreement between the measurements and the BEM calculations. FIG. 6 . ͑a͒ Reactivity, measured at a distance of 21 cm ͑dashed line͒ from the center of the loudspeaker dipole, and calculated 21 cm ͑solid line͒ from the center of a spherical source of first order; ratio of estimated to "true" intensity with ͑b͒ a spherical windscreen and ͑c͒ an ellipsoidal windscreen on the probe; measurements ͑dashed line͒, BEM calculations ͑solid line͒, and infinite windscreen theory ͑dotted line͒. The stars indicate negative intensity. 
IV. CONCLUSIONS
The effect of windscreens of porous foam on sound intensity measurements with the conventional two-microphone method has been examined numerically using a coupled BEM model. The results, which have been validated experimentally, confirm that windscreens give rise to significant bias errors, but only at low frequencies and in strongly reactive sound fields. Under such circumstances the error can be much larger than the intensity itself. By comparison windscreens have almost no effect on measurements of the sound pressure, the particle velocity, and the reactive intensity. The length of the spacer between the microphones does not matter. The size and shape of the windscreen are shown to be important: A large ellipsoidal windscreen gives much smaller errors than a smaller spherical one.
